TLX is a transcription factor that is essential for neural stem cell proliferation and self-renewal. However, the molecular mechanism of TLX-mediated neural stem cell proliferation and self-renewal is largely unknown. We show here that TLX recruits histone deacetylases (HDACs) to its downstream target genes to repress their transcription, which in turn regulates neural stem cell proliferation. TLX interacts with HDAC3 and HDAC5 in neural stem cells. The HDAC5-interaction domain was mapped to TLX residues 359 -385, which contains a conserved nuclear receptor-coregulator interaction motif IXXLL. Both HDAC3 and HDAC5 have been shown to be recruited to the promoters of TLX target genes along with TLX in neural stem cells. Recruitment of HDACs led to transcriptional repression of TLX target genes, the cyclin-dependent kinase inhibitor, p21 CIP1/WAF1 (p21), and the tumor suppressor gene, pten. Either inhibition of HDAC activity or knockdown of HDAC expression led to marked induction of p21 and pten gene expression and dramatically reduced neural stem cell proliferation, suggesting that the TLX-interacting HDACs play an important role in neural stem cell proliferation. Moreover, expression of a TLX peptide containing the minimal HDAC5 interaction domain disrupted the TLX-HDAC5 interaction. Disruption of this interaction led to significant induction of p21 and pten gene expression and to dramatic inhibition of neural stem cell proliferation. Taken together, these findings demonstrate a mechanism for neural stem cell proliferation through transcriptional repression of p21 and pten gene expression by TLX-HDAC interactions.
TLX is a transcription factor that is essential for neural stem cell proliferation and self-renewal. However, the molecular mechanism of TLX-mediated neural stem cell proliferation and self-renewal is largely unknown. We show here that TLX recruits histone deacetylases (HDACs) to its downstream target genes to repress their transcription, which in turn regulates neural stem cell proliferation. TLX interacts with HDAC3 and HDAC5 in neural stem cells. The HDAC5-interaction domain was mapped to TLX residues 359 -385, which contains a conserved nuclear receptor-coregulator interaction motif IXXLL. Both HDAC3 and HDAC5 have been shown to be recruited to the promoters of TLX target genes along with TLX in neural stem cells. Recruitment of HDACs led to transcriptional repression of TLX target genes, the cyclin-dependent kinase inhibitor, p21 CIP1/WAF1 (p21), and the tumor suppressor gene, pten. Either inhibition of HDAC activity or knockdown of HDAC expression led to marked induction of p21 and pten gene expression and dramatically reduced neural stem cell proliferation, suggesting that the TLX-interacting HDACs play an important role in neural stem cell proliferation. Moreover, expression of a TLX peptide containing the minimal HDAC5 interaction domain disrupted the TLX-HDAC5 interaction. Disruption of this interaction led to significant induction of p21 and pten gene expression and to dramatic inhibition of neural stem cell proliferation. Taken together, these findings demonstrate a mechanism for neural stem cell proliferation through transcriptional repression of p21 and pten gene expression by TLX-HDAC interactions.
coregulators ͉ NR2E1 ͉ self-renewal N uclear receptors are ligand-dependent transcription factors that regulate the expression of genes critical for a variety of biological processes, including development, growth, and differentiation. TLX is an orphan nuclear receptor that plays an important role in vertebrate brain functions (1) (2) (3) (4) (5) (6) . We have shown that TLX is an essential regulator of neural stem cell proliferation and self-renewal in the adult brain (3) . TLX could act by controlling the expression of a network of downstream target genes to establish the undifferentiated and self-renewable state of neural stem cells. Elucidating the network regulated by TLX in producing these outcomes will be a significant advance in understanding neural stem cell self-renewal and neurogenesis.
Nuclear receptors carry out transcriptional functions through the recruitment of positive and negative regulatory proteins, referred to as coactivators and corepressors (7, 8) . At least one mechanism underlying the repression activity of nuclear receptors is through the recruitment of histone deacetylase (HDAC) complexes. For example, HDAC1 and HDAC2 have been found in complexes with Sin 3 (9), nucleosome remodeling and deacetylation (NuRD) (10), nuclear receptor corepressor (N-CoR) (11) , silencing mediator of retinoic and thyroid hormone receptors (SMRT) (12) , and SMRT and HDAC-associated repressor proteins (SHARP) (13) . HDAC4, HDAC5, and HDAC7 have been shown to interact with SMRT, N-CoR (14, 15) , and myogenic transcription factor-2 (16). How TLX activity is modulated by transcriptional coregulators remains largely unknown.
We show here that TLX interacts with a set of HDACs in neural stem cells. TLX recruits these HDACs to its target genes to repress their expression. Chemical inhibition of HDAC activity, siRNA knockdown of HDAC expression, or disruption of TLX-HDAC interaction using a TLX peptide containing the minimal HDAC5 interaction site, all led to induction of TLX target genes, p21 and pten, along with marked inhibition of neural stem cell proliferation. These results suggest that transcriptional repression mediated by TLX and its associated HDACs serves as an important mechanism for neural stem cell proliferation.
Results

TLX Interacts with HDACs in Neural Stem Cells.
Transcriptional silencing is an essential regulatory mechanism for stem cell maintenance and self-renewal. HDACs play an important role in transcriptional repression by catalyzing histone deacetylation and chromatin condensation. To determine whether TLX recruits HDACs to mediate transcriptional repression, HA-tagged TLX was transfected into HEK293 cells with Flag-tagged HDACs. Cell lysates were immunoprecipitated with a Flag-specific antibody. The immunoprecipitates were examined for the presence of TLX by Western blot analysis with an HA-specific antibody. Among the HDACs examined, TLX was found to be associated with HDAC3, HDAC5, and HDAC7, whereas association with HDAC1 and HDAC2 was not detected (Fig. 1a) . This result indicates that TLX interacts with HDAC3, HDAC5, and HDAC7 specifically.
Next we asked whether these TLX-interacting HDACs are expressed in neural stem cells, where TLX is expressed. Neural stem cells were isolated from adult mouse brains and cultured as described (3) . RNAs were prepared from neural stem cells or differentiated cells and analyzed by Northern blot analysis. The three HDACs that were shown to interact with TLX are all expressed in neural stem cells with significantly reduced expression in differentiated cells, similar to the expression profile of TLX (Fig.  1b) . Expression of these HDACs in neural stem cells was further confirmed by immunostaining analysis. Nuclear-specific staining of HDAC3, HDAC5, and HDAC7 was readily detected in neural stem cells but was much lower in differentiated cells. In addition, cytoplasmic localization of HDAC5 and HDAC7 was observed in differentiated cells [supporting information (SI) Fig. 7] .
To determine whether endogenous TLX interacts with HDACs in neural stem cells, we developed a TLX-specific rabbit polyclonal antibody (data not shown). Cell lysates of neural stem cells were immunoprecipitated with the TLX-specific antibody. The immunoprecipitates were examined for the presence of HDACs by Western blotting with HDAC-specific antibodies. Both HDAC3 and HDAC5 were detected in the TLX immunocomplex in neural stem cells (Fig. 1c) , although we were not able to detect HDAC7 in cell lysates by Western blot analysis. Double staining revealed colocalization of TLX with HDAC3, HDAC5, and HDAC7 in the nucleus of neural stem cells (Fig. 1d) , further supporting the notion of TLX-HDAC interaction in neural stem cells.
Mapping the TLX-HDAC5 Interaction Domain. To determine the functional relevance of TLX-HDAC interactions, we mapped the minimal domain of TLX for HDAC interaction. HDAC5 was chosen for this study because it is most abundantly expressed in neural stem cells among the HDACs we have examined (data not shown). The HDAC5-interaction domain was determined by serial deletion analysis of TLX. HA-tagged TLX deletion mutants were transfected into HEK293 cells with Flag-tagged HDAC5. The interaction of TLX with HDAC5 was detected by immunoprecipitation analysis using an HA-specific antibody and subsequent Western blotting with a Flag-specific antibody. This study located the HDAC5 interaction site to TLX residues 359-385, with secondary interaction to TLX residues 340-359 ( Fig. 2 a and b) . To determine whether deletion of TLX residues 340-385 affects TLX transcriptional repression activity, the same set of deletions was introduced into Gal4-TLX construct and analyzed in reporter assays. Deletion of TLX residues 359-385 led to 3-fold relief of TLX-mediated repression of basal transcription (Fig. 2c) . Further deletion to residue 340 resulted in another 1.6-fold loss of repression. These results suggest that the HDAC5 interaction sites are critical for TLX repression activity.
Sequence analysis of TLX residues 359-385 revealed a conserved IXXLL motif (Fig. 2d ). This motif was initially identified as the motif in coregulators that mediate nuclear receptor-coregulator interactions (17) and has been shown recently to mediate the recruitment of coregulators in transcription factors (18) (19) (20) . To determine the role of this motif in TLX-HDAC5 interaction, site-directed mutagenesis was performed to mutate the IXXLL motif to IXXAA. Mutation of the IXXLL motif led to significant loss of TLX-HDAC5 interaction, similar to the loss resulted from deletion of TLX residues 359-385 (Fig. 2e) . The IXXAA mutation also led to 2.7-fold relief of TLX transcriptional repression activity (Fig. 2f ) . These results suggest that the conserved IXXLL motif is important for both TLX-HDAC5 interaction and TLX-mediated transcriptional repression.
HDAC Inhibitor Treatment Led to Marked Induction of TLX Target
Genes and Significant Reduction of Neural Stem Cell Proliferation. To further determine the contribution of HDACs to TLX-mediated transcriptional repression, we examined whether TLX recruits HDACs to its target genes to repress their expression. Among genes with altered expression in adult brains of WT and TLX-null mice, a significant up-regulation of p21, a cyclin-dependent kinase inhibitor, was detected in adult TLX-null brains (Fig. 3a) . Sequence analysis revealed a consensus TLX-binding site, AAGTCA, in the proximal promoter of p21. Gel-shift assays showed that TLX binds to this sequence in vitro (Fig. 3b) . The binding specificity was demonstrated by mutating the consensus TLX binding site. WT p21 promoter sequence efficiently competed for TLX binding, but the mutated sequence did not, suggesting that TLX binding is sequence-specific. To confirm the binding of TLX to the p21 promoter, a ChIP analysis was performed in neural stem cells by using a TLX-specific antibody. TLX was detected at the consensus TLX binding site in p21 promoter as expected (Fig. 3c) . Interestingly, both HDAC3 and HDAC5 were detected on the same site of p21 promoter along with TLX (Fig. 3c) , supporting the idea that TLX recruits HDACs to its target gene.
To validate the regulation of p21 gene expression by TLX and HDACs, we placed a luciferase reporter gene downstream of the consensus TLX binding site in the p21 promoter and a minimal thymidine kinase (tk) promoter (p21-tk-luc). Cotransfection of TLX with the reporter gene led to 6-fold repression of the reporter. Mutation of the consensus TLX binding site upstream of the reporter gene (p21m) abolished the repression (Fig. 3d Left) . These results suggest that TLX functions as a transcriptional repressor of p21 by binding to a consensus binding site in p21 promoter. Treatment of a HDAC inhibitor, valproic acid (VPA), relieved the TLX-mediated repression from 6-fold to 1.4-fold (Fig. 3d) , whereas no effect was detected on the reporter activity in the absence of TLX transfection. Moreover, we cloned a 3-kb natural p21 promoter containing the consensus TLX binding site and placed it upstream of a luciferase reporter gene (p21-luc). Cotransfection of TLX led to 4-fold repression of basal p21-luc activity and 6-fold repression of FBS/forskolin (FSK)-induced p21-luc activity in neural stem cells. Treatment of VPA relieved TLX-mediated repres- sion of both basal and FBS/FSK-induced p21 promoter activity significantly (Fig. 3e) . These results together suggest that TLX recruits HDACs to a target gene, p21, to repress its expression.
We further tested whether HDACs contribute to repression of endogenous p21 gene expression in neural stem cells. Neural stem cells were treated with solvent or HDAC inhibitors, Trichostatin A (TSA) and VPA. Northern blot analyses revealed increased expression of p21 in TSA-and VPA-treated neural stem cells (Fig. 4a) , consistent with the results from the reporter assays ( Fig. 3 d and e) . ChIP assays revealed significantly increased acetylated histone H4 levels on p21 promoter upon VPA treatment (Fig. 4b) , supporting increased p21 expression in VPA-treated cells (Fig. 4a) .
In addition to p21, a significant increase of pten gene expression was also observed in TLX Ϫ/Ϫ adult brains (Fig. 4c) . This result, along with the observation that TLX binds to a consensus binding site in pten gene promoter and represses pten promoter-driven luciferase reporter activity (21) , suggests that TLX functions as a transcriptional repressor of pten gene in adult brains. ChIP analyses revealed the binding of TLX to its consensus binding site in pten gene promoter. Interestingly, HDAC3 and HDAC5 were detected on the same site of pten gene promoter along with TLX (Fig. 4d) , suggesting that TLX recruits HDACs to pten promoter. Treatment of neural stem cells with TSA and VPA induced pten gene expression significantly (Fig. 4e) , suggesting that HDACs contribute to repression of pten gene expression in neural stem cells, presumably through interaction with TLX.
The interaction of TLX and HDACs in neural stem cells and the resulting repression of p21 and pten gene expression suggest that the TLX-interacting HDACs play an important role in neural stem cell proliferation. To test this hypothesis, we treated neural stem cells with HDAC inhibitor VPA. BrdU treatment was performed to label actively dividing cells. The percentage of BrdU-positive (BrdU ϩ ) cells in total living cells was compared between solventand VPA-treated cells. A remarkable decrease in the rate of BrdU-positive cells was seen in VPA-treated neural stem cells (Fig.  4 f and g ), suggesting that the HDAC inhibitors exert strong inhibitory effect on neural stem cell proliferation. Moreover, neural stem cells were treated with TLX siRNA, which led to marked reduction of cell proliferation (Fig. 4 f and g ). The inhibitory effect on cell proliferation by VPA treatment is reduced significantly in TLX siRNA-treated neural stem cells (Fig. 4 f and g ). These results together suggest a role of TLX-HDAC interactions in neural stem cell proliferation.
siRNA Knockdown of HDAC Expression Revealed an Important Role of the TLX-Interacting HDACs in Neural Stem Cell Proliferation.
In addition to blocking HDAC activity globally, we attempted to knockdown individual TLX-interacting HDAC expression using siRNAs. We first targeted HDAC5 expression by using its sequence-specific siRNAs. The HDAC5-specific siRNAs were cotransfected with a luciferase reporter gene upstream of HDAC5 cDNA. Among the six siRNAs tested, siRNAs 1 and 2 repressed the luciferase activity significantly (Fig. 5a ). These siRNAs were therefore selected to treat neural stem cells. Both siRNAs led to considerable knockdown of HDAC5 expression in neural stem cells by Western blot analysis (data not shown). Cell proliferation was examined by BrdU labeling analyses. The percentage of BrdU ϩ cells was compared among control GFP siRNA and HDAC5 siRNA-transfected cells. Treatment of HDAC5 siRNAs led to a 50-70% decrease of BrdU labeling (Fig. 5 b and c) , suggesting that HDAC5 plays an important role in neural stem cell proliferation.
To determine whether knockdown of all three TLX-interacting HDACs has more dramatic effect on neural stem cell proliferation, we screened siRNAs for HDAC3 and HDAC7 (data not shown) and selected the ones that have the strongest inhibitory effect. Neural stem cells were transfected with siRNAs for HDAC3, HDAC5, and HDAC7 individually or together. Triple knockdown led to much more dramatic inhibition of cell proliferation (Fig. 5 d and e) compared with individual HDAC knockdown (Fig. 5 b and  c and data not shown) . RT-PCR analysis revealed that knockdown of all three HDACs led to more dramatic induction of p21 and pten expression (Fig. 5f ) compared with the induction by individual HDAC siRNA treatment, providing a molecular basis for the significantly reduced cell proliferation upon triple HDAC siRNA treatment (Fig. 5 d and e) . siRNA inhibition of TLX expression also led to significant induction of both p21 and pten gene expression (Fig. 5g) , similar to that which resulted from HDAC siRNA treatment (Fig. 5f ), strengthening the link of TLX and HDAC in p21 and pten gene regulation.
Disruption of TLX-HDAC5 Interaction Resulted in Dramatic Inhibition
of Neural Stem Cell Proliferation. To determine whether the TLX-HDAC interaction is important for TLX-regulated target gene expression and neural stem cell proliferation, we tried to disrupt the interaction by using a TLX peptide containing the minimal HDAC interaction site. We have mapped the primary HDAC5 interaction domain to TLX residues 359-385 with a conserved IXXLL motif located at residues 372-376 (Fig. 2) . A peptide spanning TLX residues 362-382 with an HA tag was transfected into HEK293 cells along with Flag-tagged HDAC5 and HA-tagged TLX. The interaction of HDAC5 with the TLX peptide was detected readily (Fig.  6a and SI Fig. 8 ). The expression of this peptide abolished the interaction of full-length TLX with HDAC5 (Fig. 6a) . In contrast, a scrambled peptide had no effect on this interaction. To determine whether the TLX peptide affects endogenous TLX and HDAC5 interaction, we transfected the TLX peptide-expressing vectors into neural stem cells. Expression of the WT TLX peptide led to dramatic loss of endogenous TLX-HDAC5 interaction, whereas the scrambled peptide had minimal effect on this interaction (Fig.  6b) . RT-PCR analysis revealed marked induction of both p21 and pten gene expression in the WT peptide-transfected neural stem cells (Fig. 6c) . Moreover, expression of the WT peptide led to up to 80% inhibition of neural stem cell proliferation compared with that in the scrambled peptide-transfected cells (Fig. 6 d and e) . These results strongly argue that the TLX-HDAC5 interaction is an important component of TLX-mediated transcriptional repression and neural stem cell proliferation.
In summary, we have shown that TLX interacts with HDAC3 and HDAC5 in neural stem cells. TLX recruits the HDACs to the promoters of its target genes, p21 and pten, to repress the expression of these genes. Both chemical inhibition of HDAC activity and siRNA knockdown of HDAC expression led to marked induction of p21 and pten gene expression and significantly reduced neural stem cell proliferation. Moreover, we have mapped the primary HDAC5 interaction site to TLX residues 359-385 and showed that a conserved IXXLL motif in this region is critical for both TLX-HDAC5 interaction and TLX repression activity. A TLX peptide containing this motif disrupted TLX-HDAC5 interaction. Expression of this peptide led to marked induction of p21 and pten gene expression and significant inhibition of neural stem cell proliferation. Taken together, these data strongly support the hypothesis that recruitment of HDACs is an important component in TLX-mediated transcriptional repression and neural stem cell proliferation.
Discussion
We have shown that TLX is an essential regulator of neural stem cell self-renewal (3) . In this study, we have identified two TLX target genes, p21 and pten, in neural stem cells, and characterized HDACs as TLX transcriptional corepressors. We have shown that TLX recruits HDACs to p21 and pten genes to repress their expression, which represents an important mechanism for neural stem cell proliferation.
To determine the role of the HDACs in neural stem cells, neural stem cells were treated with HDAC inhibitors, which resulted in significant inhibition of cell proliferation. However, chemical inhibition could have pleiotropic effects. We therefore knocked down individual TLX-interacting HDAC expression by using sequencespecific siRNAs (Fig. 5 and data not shown) . Both induction of TLX target gene expression and reduced neural stem cell proliferation were observed upon individual HDAC knockdown. However, the gene regulation and growth arrest effect mediated by individual HDAC siRNA is not as dramatic as that induced by HDAC inhibitors. One possible reason is that the HDAC inhibitors target a panel of HDACs, whereas each HDAC-specific siRNA only reduces one HDAC expression. Indeed, when we treated neural stem cells with a combination of HDAC3, HDAC5, and HDAC7 siRNAs, a much more marked effect was detected upon the induction of p21 and pten gene expression and inhibition of cell proliferation compared with individual HDAC siRNA treatment.
To further determine whether the TLX-HDAC interaction is critical for TLX function, a TLX peptide spanning the minimal HDAC5 interaction site was expressed to disrupt full-length TLX-HDAC5 interaction by competing for HDAC5 binding. Treatment of this peptide led to significant induction of p21 and pten gene expression and marked inhibition of neural stem cell proliferation. Of note, more dramatic effect on cell proliferation (up to 80% reduction) was detected upon TLX peptide treatment compared with the 50-70% reduction in cell proliferation upon siRNA knockdown of HDAC5 expression. This discrepancy could be due to the fact that siRNA only inhibits HDAC5 expression partially (Ϸ60%), whereas the TLX peptide treatment led to almost complete disruption of TLX-HDAC5 interaction.
Cell proliferation was regulated by complex signaling pathways for which the cell cycle machinery holds a central position (22) . Cell cycle progression has been shown to be modulated by cyclindependent kinase inhibitors. The first of these proteins identified was p21, which has been implicated in growth arrest that precedes terminal differentiation. Results presented here demonstrate that TLX recruits HDACs to repress the expression of its target gene, p21. In addition, we showed that the expression of the tumor suppressor gene pten was up-regulated in adult TLX Ϫ/Ϫ brains. HDAC3 and HDAC5 were detected along with TLX on the consensus TLX binding site in pten gene promoter, and they repress pten gene expression. pten encodes a lipid phosphotase that regulates cell proliferation by negatively regulating phosphoinositide 3-kinase signaling (23) . Conditional pten loss in neural stem cells led to enlarged brains resulted from increased cell proliferation, suggesting that pten negatively regulates neural stem cell proliferation (24) . Repression of p21 and pten gene expression by TLX and 
